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Interpretation of field magnetic survey and bedrock mapping to constrain contact of
the Bottle Lake Complex near Passadumkeag Mountain, East-central Maine
Timothy T. Eaton and Allan Ludman
School of Earth and Environmental Sciences, Queens College CUNY

1. INTRODUCTION
The combination of thick glacial deposits and dense forest cover in northern New England
makes bedrock mapping particularly challenging because outcrops are typically few and sparsely
distributed. This is especially true in east-central Maine near the southwestern contact of the Bottle
Lake Complex near Saponac Pond and Passadumkeag Mountain where bedrock exposures amount
to far less than 1% of the surface area. Geophysical methods can provide valuable information
about geologic relationships buried beneath the glacial cover, and this project was undertaken to
determine whether a local magnetic study could help delimit the host rock-Bottle Lake contact in
an area with extremely poor outcrop control.
1.1 Regional Setting
Figure 1 is an excerpt from the most recent bedrock geologic map of Maine (Osberg et al.,
1985) showing the regional setting of the Bottle Lake Complex, the location and relationships of
its component Passadumkeag River and Whitney Cove plutons, and locations of the three magnetic
traverses discussed below. The Bottle Lake Complex, named by Ayuso (1984), is one of the largest
granitic bodies in Maine. Despite this fact, it was poorly shown as recently as the 1933 Maine
bedrock map (Keith, 1933). Its depiction improved with each subsequent generation of mapping
(Larrabee et al., 1965; Hussey, 1967; Osberg et al., 1985), and current mapping continues to refine
contacts between pluton and host rock and between host rock formations (Ludman, unpublished
data; this paper). The magnetic traverses were conducted in an attempt to locate the southern and
southwestern contacts between the Passadumkeag River pluton and host rocks in an area where
bedrock is almost completely masked by extensive glacial deposits.
The study area is heavily wooded and sparsely populated, with few paved roads. Access has
been improved by an extensive network of lumber roads, ATV and snowmobile trails, and traverse
lines 1 and 4 followed two of these roads. In addition, roads built during construction of a windfarm
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along the crest of Passadumkeag Mountain and the power line connecting it to the local grid
uncovered large outcrops in the contact aureole. Unfortunately, while these new outcrops greatly
improved understanding of local stratigraphy and contact metamorphism, they did not help
constrain the location of the contact – critical for thermal modeling of the aureole.

Li
Li
Li

Figure 1. Excerpt from Osberg et al. (1985) showing lithostratigraphic setting of the Bottle Lake Complex and
approximate locations of the three magnetic traverses.

1.2 Previous geophysical studies
Three types of geophysical studies on the Bottle Lake Complex have been done that include
our study area. The Maine Geological Survey commissioned a Vibroseis seismic reflection
(Costain et al., 1990) and gravity surveys (Doll and Potts, 1990) of the Bottle Lake Complex to
determine its suitability as a national storage site for high-level nuclear waste. The seismic
transect, conducted just east of our magnetic traverses (Figure 2, inset), yielded a clear image of
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the entire crust and demonstrated that the pluton is lensoid and thus unsuited for storing radioactive
waste. This information was useful in interpreting the gravity survey (Doll and Potts, 1990), and
informs our magnetic model and consideration of the contact relationships.

PR

Figure 2. Bottle Lake pluton seismic reflection profile (Costain et al., 1990). Inset shows transect lines.
PR=Passadumkeag River pluton; D=decollement; NFS=Norumbega fault system (Waite fault zone); M=Moho.

Locations of interpreted 2-D gravity model profiles (Doll and Potts, 1990) of the pluton are
shown in Figure 3a; data for these models were collected in our study area, some along our Line
3. One of the 2-D models (Line A-A’) is shown in Figure 3b because its path closely parallels two
of our magnetic traverses.
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Figure 3a. Lines showing locations of 2-dimensional gravity models (Doll and
Potts, 1990).

Figure 3b. Bouguer gravity model along line A-A’ (Doll and Potts, 1990). Note: the shallower of the two bodies
outlined corresponds to the Passadumkeag River pluton – the other is the adjacent Center Pond pluton to the
west.

A portion of the Aeromagnetic Map of Maine showing the Bottle Lake Complex is shown in
Figure 4 and provides information about the regional magnetic context for our traverses. The
complex has a weak magnetic signature, but is adjacent to a major regional anomaly corresponding
to the Norumbega Fault System. Our more detailed field magnetic survey was planned to
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investigate whether host metasedimentary rock and pluton had sufficiently different magnetic
signatures to constrain the contact more precisely.

Figure 4. Location map for the Passadumkeag River Pluton. Left: Geologic Map (Osberg et al., 1985). Right: the
same area on the Maine aeromagnetic map (Daniels, 2004) showing location of Norumbega fault system.

1.3 Geologic Setting
1.3.1 Bottle Lake Complex
Ayuso (1984) described the complex as comprising two major plutons (Passadumkeag River
and Whitney Cove), and a small variant of the Whitney Cove pluton called the Topsfield phase
that forms the northeastern “goose-neck” part of the complex (Figure 1). His map of contact
relationships was incorporated without change into the 1985 bedrock map (Osberg et al., 1985)
shown in Figure 1. Ayuso was the first to divide the complex into its component plutons, describe
internal zonation of both of those bodies, and interpret the petrologic evolution of the granitic
rocks. The precise age of the complex is uncertain; U-Pb and Rb-Sr dating suggest emplacement
of both Whitney Cove and Passadumkeag River magmas around 380 Ma, with the possibility that
the Whitney Cove is slightly older (Ayuso et al., 1984). Both plutons are made mostly of coarsegrained leucocratic granite with a low percentage of ferromagnesian minerals, and both are
reversely zoned (relatively more mafic cores and more felsic rim facies) with slight mineralogical
differences (Ayuso et al., 1984). The magnetic traverses were in areas mapped as rim facies by
Ayuso (1984) and the few outcrops encountered confirm that designation.
Figure 5 shows a typical Passadumkeag River pluton rim facies granite illustrating its coarsegrained leucocratic nature. Potassic (pale pink) and plagioclase (white) feldspars make up most of
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the rock with abundant quartz and less than 10% biotite and hornblende. Petrographic analysis
reveals trace amounts of magnetite, ilmenite, and pyrite that would contribute to the magnetic field
intensity and direction over the pluton. The equigranular texture and homogeneous grain size seen
in Figure 5 are typical of outcrops in the study area, but porphyritic textures and zones rich in
metasedimentary xenoliths have been observed in the northern contact zone.

Figure 5. Passadumkeag River pluton coarse grained leucocratic rim facies granite.

1.3.2. Metamorphosed host rocks
The Passadumkeag River pluton intrudes three major lithostratigraphic suites in our study area
(Figure 1). The Miramichi terrane is one of several Cambrian to Middle Ordovician terranes in
Maine and is flanked on the west and east by Late Ordovician to Devonian turbidite sequences of
the Central Maine/Aroostook-Matapedia (CMAM) basin and the Fredericton trough, respectively.
Table 1 shows stratigraphic relationships in the study area. Two local, informal Miramichi units –
Greenfield Formation (shales and manganiferous mudstones) and the Olamon Stream Formation
(felsic and intermediate ashfall and ashflow tuffs) crop out west of the study area and will not be
discussed further below.
The three magnetic traverses crossed contacts between the Passadumkeag River pluton and
three different units of stratified rock: Line 1 - unnamed Fredericton trough sandstones; Line 3 –
Vassalboro Group sandstones (CMAM); Line 4 – Baskahegan Lake Formation (Miramichi). All
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stratified rocks crossed by the magnetic traverses have been affected by the pluton and the
metamorphism intensifies compositional differences less easily observed in the low-grade
exposures outside the aureole. The contacts appear to be “dry”, with neither aplite dikes nor
pegmatites within the pluton or cutting the host rocks, and no introduced mineralization in the
stratified rocks other than a small volume of vein quartz.

Table 1: Stratigraphic section of Bottle Lake Complex field area, east-central ME. Units in italics not present in the
traverse lines.

Brief descriptions of the host rock units follow, from west to east. The CMAM sandstone unit
in the western part of Line 3 is assigned to the Silurian Vassalboro Group following the suggestions
of Marvinney et al. (2010). In the central Maine Waterville area, the Vassalboro Group comprises
the Mayflower Hill (sandstone), Waterville (pelite), and Hutchins Corner (sandstone) formations.
Marvinney et al. (2010) recommend that the term “Vassalboro Group” be used when a sandstone
unit does not lie demonstrably above (Mayflower Hill) or below (Hutchins Corner) the Waterville
Formation.
The CMAM sandstone in the study area is a thick-bedded variously calcareous
quartzofeldspathic wacke with subordinate siltstone and very rare pelitic interbeds. The sandstone
was converted in the contact aureole to a dense, tough, fine-grained rock in which the matrix clay
minerals reacted to form abundant red-brown biotite grains and the calcareous horizons became
an actinolite-calcite granofels (Figure 6). Cordierite is common in the other host rock units in the
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study area, but does not occur in the Vassalboro Group sandstone. Neither magnetite nor ilmenite
have been observed in this unit and pyrite is very rare.

Figure 6. Thick-bedded Vassalboro Group sandstone (brownish color due to
biotite-rich matrix) with calc-silicate zone (white).

The Baskahegan Lake Formation comprises most of the Miramichi terrane near the Bottle
Lake Complex but is truncated by faults in the study area. It consists largely of thick-bedded
quartzose sandstones with little if any clay matrix, quartzofeldspathic wackes with significant clay
mineral content, and pelitic beds that are typically subordinate but in some instances are as thick
as the sandstones. Baskahegan Lake outcrops in the study area contain all three lithologies (Figure
7). Most are quartzose sandstones which lacked sufficient clay minerals to produce biotite like the
Vassalboro Group sandstone, so fresh surfaces are gray rather than reddish brown. Some in our
area contain the aluminous assemblage muscovite + cordierite but andalusite and sillimanite also
occur on the northern border of the Bottle Lake complex. Pelitic layers characteristically have the
muscovite-cordierite assemblages. The formation is non-calcareous and therefore lacks the calcsilicate layers common in the Vassalboro Group. Magnetite, ilmenite, and pyrite are rare to nonexistent.
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Figure 7. Baskahegan Lake Formation. Interbedded quartzose sandstone (light gray) and
cordierite-biotite-muscovite pelite (darker gray). Small light spots in the pelitic layer are
retrograded cordierite porphyroblasts.

The unnamed sandstone unit in the Fredericton trough exhibits some features characteristic of
the Vassalboro Group and some common in the Baskahegan Lake Formation (Figure 7). Like the
Vassalboro Group sandstone, its clay matrix had the appropriate composition to form biotite and
there are occasional calcareous layers but, unlike the Vassalboro Group, pelitic beds are common.
Like the Baskahegan Lake Formation, cordierite + muscovite assemblages are common in the
pelites but, like the Vassalboro Group, not in the sandstones. Once again, magnetite, ilmenite, and
pyrite are rare or non-existent.
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Figure 8. Unnamed Fredericton trough interbedded sandstone (lighter gray biotitequartz-feldspar assemblage) and pelite (darker gray, muscovite-cordierite±andalusite).

2. METHODS
The Saponac Pond - Passadumkeag Mountain area is heavily forested with vegetation
interrupted only by logging roads of differing accessibility and condition (Figure 9).

The

previously mapped contact (Ayuso, 1984) between the Passadumkeag Mountain pluton (northeast)
and the metamorphic host rocks that it intrudes (south and west) lies along the base of the slope of
Passadumkeag Mountain. Recently, new roads have been laid for the construction of a series of
wind turbines along the crest of the mountain, and older logging tracks are more heavily used.
This provided the opportunity to conduct ground magnetic surveys in selected locations where
bedrock contacts were suspected but no outcrop could be found. Three roads were selected, one
oriented West-East and two oriented North-South where magnetic surveys could be conducted on
foot and with a vehicle.
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Figure 9A. Site map near Saponac Pond showing bedrock outcrops (black:
metasediments; red: granite).
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Figure 9B. Color orthophotoquadrangle showing location of traverses. Dashed line
shows Ayuso’s (1984) inferred contact between pluton (north) and metasedimentary
rocks (south and west).

A Geometrics G857 magnetometer equipped with two sensors for gradiometry was used to
collect measurements of total field intensity along the traverses at approximately 0.1 mile (161 m)
spacing. Data were collected at 1.2 and 2.4 m elevations above land surface over an approximately
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3 hour period per transect. GPS location data at each station were collected to facilitate later map
plotting and analysis. Little time variation (<50 nT) of the measured magnetic field was observed
in general compared to hourly measurements at a base station along each line, indicating that
background regional field changes were not a major contributor to the measured variability.
However, the longest West-East traverse showed the most variation so it was the only one
corrected. Total field data for each sensor, and gradiometry data were plotted along each traverse
according to latitude and longitude for analysis of anomalies.
Only one of the traverses (Line 1 to the east) showed a significant step anomaly of several
hundred nanotesla, so that traverse was further analyzed with a simple two-dimensional magnetic
model (Burger et al., 2006). From the regional aeromagnetic dataset, a sample of data along the
approximate same longitude as the field traverse was extracted and combined with the field data
to extend the magnetic profile for 10 km north and south of the presumed contact. Values from
the regional magnetic field along with data from the field traverse were compared to a simulation
of the magnetic effect of bodies representing the metamorphic rocks and pluton in a crustal crosssection. A similar offset in the total magnetic field was obtained with a plausible combination of
geometry and parameters.
3. RESULTS AND DISCUSSION
3.1 Magnetic traverses
The results of the magnetic surveys are presented in Figures 10-12. Line 1 was oriented north
to south along an access road leading to the summit of Passadumkeag Mountain at the proposed
location of a wind turbine (Tower 13, Figure 9a). Values of the total field were generally low,
below 52,800 nT, until high on the ridge when an abrupt jump in value to above 53,100 nT was
measured near latitude N45.145 (Figure 10).
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Figure 10. Traverse along line 1 showing variation in magnetic field total intensity. Red oval indicates step increase
in magnetic intensity near top of Passadumkeag Mountain.

The other north to south line was conducted along a logging road approximately 3.5 miles to
the west. In contrast to Line 1, this Line 4 (Figure 11) showed higher total field values with much
less variation, generally between 52,800 nT and 52,850 nT. One station near the north end had
slightly lower values down below 52,780 nT. The only other peculiarity was near the southern
end, where a magnetic reversal was measured, but the most obvious contrast with line 1 was the
generally higher magnetic field intensity values.

Figure 11. Traverse along line 4 showing variation in magnetic field total intensity. Red oval shows location of field
gradient reversal.

Finally, the East-West transect (Figure 12A: line 3) shows total field measurements between
about 52,700 nT to 52,800 nT with little variation due to time. At the western end of the transect,
near longitude -68.41W, there is an anomaly as magnetic values increase by almost 100 nT, also
apparent as an M-shape pattern in the vertical magnetic gradient (Figure 12B). It is not clear what
this anomaly represents because near the western end of the traverse, there are numerous outcrops
13
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of metasedimentary rock – it is possible that a localized zone of magnetic mineralization or
anthropogenic influence could account for the results.

Figure 12A. Total magnetic field intensity (with time corrections) along West-East Line 3. Red oval shows highest
values.

Figure 12B. Vertical magnetic gradient along West-East Line 3 and time correction.

In general, it appears that there are low magnetic intensity values in the lowlands underlain
primarily by the Passadumkeag River pluton and higher values especially on the ridge underlain
by metasedimentary rocks. This pattern is not entirely consistent since the values of magnetic
intensity along the West-East traverse are generally low, even at the western end where numerous
outcrops of metasediment are present. However, the east-west and north-south transects are not
expected to show identical anomalies because of their different orientations toward the Earth
magnetic field. Furthermore, the Vassalboro Group CMAM metamorphosed sandstones at the
western end of the West-East traverse lack significant magnetic minerals as described earlier. It
is noteworthy that unlike the easternmost N-S traverse, the westernmost N-S traverse does not
appear to have the significant increase in total field at the southern end, where metasedimentary
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Miramichi terrane rocks are expected. A re-examination of the overlay of the newly mapped
metasedimentary rocks on the ridgetop suggests that the original overlay of the Ayuso (1984)
contact line was positioned too far south in planning the location of the westernmost north-south
traverse, which therefore may not have actually crossed the contact.
3.2 Simple magnetic modeling
The Aaeromagnetic Map of Maine (Figure 4) shows that the field location at the southern edge
of the Passadumkeag Mountain pluton lies just to the northwest of a prominent anomaly associated
with the Norumbega fault zone (Ludman and West, 1999). It was hypothesized that part of this
abrupt increase in magnetic intensity to the southeast could be a result of contrasting magnetic
properties of the pluton and the metasedimentary host rock. The field traverse Line 1 does indeed
show a corresponding increase in total magnetic intensity near the southern end (Figure 10). These
data were interpreted by constructing a cross section of bodies in a magnetic software package
GRVMAG (Burger et al., 2006) for which a calculated magnetic profile was obtained.

The

geometry of the magnetic bodies in the cross-section was based on available data from a previous
gravity survey described earlier (Doll and Potts, 1990) and a seismic study (Costain et al., 1990),
showing a shallow (< 5 km depth) pluton with an inclined contact dipping to the north. A shallower
thickness of metasedimentary rock overlying crustal rock, and an aureole transition zone between
the pluton and metasediments were also specified (Figure 13).
It is common for magnetic anomalies to occur at crustal discontinuities such as fault zones like
the Norumbega fault zone just to the southeast of the field site. How much of the observed increase
in magnetic intensity at the southern end of the Line 1 traverse (Figure 10) is due to the shallow
contact between the pluton and the metamorphic host rock, and how much is due to the deeper
fault structure beneath the contact, as shown by the seismic results (Figure 2, Eaton et al., 2015) is
unclear.

Furthermore, the magnetic properties of the Passadumkeag Mountain pluton, the

metamorphic host rocks and the underlying crustal rocks are not well known although laboratory
magnetic susceptibility data exists for the similar-age Mt. Waldo pluton (Callahan and Markley,
2003), southwest of the field site on the other side of the Norumbega fault zone. Surface total
magnetic field values vary according to these parameters and details of geometry such as angles
of dip and thickness of subsurface bodies. Our model used a simple conservative geometry that
includes a dipping contact, a shallow pluton, and metamorphic rocks of greater magnetic
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susceptibility overlying undifferentiated crustal rock extending to a depth of 10 km (Figure 13).
Within this framework, the magnetic susceptibility, dip and thickness parameters were adjusted by
trial and error to minimize the difference between calculated total field values and measured data.
Results show that a contact dip of about 40o to the north, with a 700 m aureole thickness and
magnetic susceptibility (SI units) of 0.02, magnetic susceptibility values of 0.01 for the deeper
crustal rock and the pluton, and 0.03 for the metamorphic host rock, provided the closest match to
the field data, with an RMS error of 219.15 nT (Figure 13). The calculated profile (Figure 13)
represents a similar general step offset in magnetic intensity values compared to the more noisy
field data, with the closest match in the immediate vicinity (2000 m) of the presumed contact. On
a more regional scale at increased distances from the contact, the calculated values are higher than
the observed values, however the model presented does not account for more regional influences
on the magnetic field, such as deep-seated structures that are likely associated with the Norumbega
Fault zone (Figure 2, Costain et al., 1990).
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Figure 13. Modeling results (top) and crustal section with magnetic bodies (bottom) for geologic contact inferred
along S-N Line 1. (note that N-S directions are reversed compared to the seismic section Figure 2 in order for better
comparison with Fig 10 traverse).

In the absence of specific magnetic susceptibility data for the metamorphic rocks and pluton,
the values of magnetic susceptibility used for simulation were consistent with values from a similar
pluton (Callahan and Markley, 2003). The metamorphic host rock was considered to have higher
susceptibility because of the presence of pyrrhotite in one of the component units of the Miramichi
terrane (Eaton et al., 2015). The simulation also suggests that the contact aureole may be up to
700 m wide. Additional noise in the field data not reproduced in the model is likely due to the
details of actual contact geometry, petrology and deep crustal structure. It is also possible that the
Devonian-age Passadumkeag Mountain pluton was emplaced during a period of global magnetic
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reversal (Hansma et al., 2015). Despite low magnetic susceptibility, the acquisition of weak
natural remanent magnetism (NRM) of reversed polarity in the pluton could contribute to the
significant negative anomaly to the northwest of the Norumbega Fault System (Figure 4). More
detailed study of the NRM of the Passadumkeag Mountain granite using oriented cores and
laboratory analysis would be necessary to evaluate this possibility.
4. CONCLUSION
The field magnetic data along with the subsurface profile model do indeed show that the
combination of magnetic properties and subsurface geometry result in sufficiently different
magnetic signatures to assist in delineating the Passadumkeag Mountain pluton from the
metamorphic host rock, at least in the north-south direction.

Inferred higher magnetic

susceptibility of these host rocks causes higher intensity values to be measured in the total
magnetic field, resulting in an abrupt offset of several hundred nanotesla in the easternmost
traverse (Figure 10: Line 1). This offset is consistent with a simple subsurface magnetic body
model showing a pluton contact dipping 40o to the north and a metamorphic aureole of up to 700
m thick. No comparable offset was observed in the westernmost north-south traverse (Figure 11:
Line 4), but more uniformly high magnetic intensity values suggest that the underlying lithology
is the metamorphic host rock, not the pluton. The west-east traverse (Figure 12: Line 3) exhibited
no anomaly as great as the step offset on Line 1, however at a single station, total field values and
vertical gradients were higher than expected, up to 100 nT. This perturbation was at the western
end, within the outcrop area of metamorphic host rock, so may be due to localized variability in
mineralization or anthropogenic influence. Additional smaller-scale variations in the magnetic
traverses can be attributed to similar local variations.
Implications for mapping bedrock geology of the area include the inference that the contact
with the granitic pluton extends higher up the slope of Passadumkeag Mountain than previously
mapped in the east. In addition, our interpretation of the lack of magnetic signature offset, but
generally high intensity values, in the N-S profile further to the west is that the field transect did
not overlie the granite pluton, but remained entirely within the area of metamorphic host rock.
This suggests that the contact of the pluton should pass farther to the north than previously mapped
(Ayuso, 1984).

The uncertain interpretation of the east-west magnetic profile, without a clear

anomaly, could not be used to refine the expected location of the contact. This study has shown
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that variations in the total magnetic field, field-measured in areas where bedrock outcrops are
sparse, can be useful to refine mappable contacts between the Passadumkeag Mountain pluton and
the surrounding metamorphic host rock.
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